Abstract. Observations of 101 Be stars taken over a two year period in the near-IR between 1 and 5m are presented and discussed. The near-IR colour excess of all program stars is derived, and found to increase with wavelength for all these stars. The fraction of stars with color excess doubles between 1:25m and 3:6m. There appears to be an upper limit to the magnitude of the color excess as a function of stellar type, with early-type stars having a higher upper limit than later spectral types. No correlation of the presence or magnitude of color excess with projected rotational velocity is evident. We calculate the spectral index of the excess emission spectra for stars having color excess. On average the spectral index through the near-IR and far-IR IRAS wavelength regimes is constant. There is evidence that some stars have excess emission with spectral index values outside the range expected for free-free and bound-free emission. These are attributed to either dust emission or the eect of absorption of photospheric emission by cool circumstellar material along the line of sight to the star.
Introduction
Be stars are non-supergiant stars that show, or have shown at some time, hydrogen emission lines. The emission lines are known to be often highly variable. Their continuum spectra are characterized by an excess of emission at wavelengths greater than 1m compared to the spectra of \normal" B-type absorption line stars. The hydrogen line emission is due to the recombination of ionized hydrogen in an extended circumstellar envelope surrounding the central star. The IR excess arises from both bound-free and free-free emission from protonelectron scattering in the circumstellar material (e.g. see Woolf et al. 1970; Gehrz et al. 1974; Poeckert and Marlborough 1978) within 20060R of the central star (Waters 1986 ). Radio and millimetre observations (Taylor et al. 1987; , Waters et al. 1989 1991) show that the circumstellar material sometimes extends to large distances from the central star ( 1000R in some cases). Comparison of the far-IR -radio spectral index to the slope of the far-IR energy distribution indicates a dramatic change in the stucture of the circumstellar envelope in the outer regions of several Be star envelopes (Taylor et al. 1987; Waters et al. 1991) . Variations in the structure of the outer regions of Send oprint requests to: S.M. Dougherty the circumstellar envelope over a period of a year are evident in recent multi-epoch radio observations .
Further understanding of the structure of the envelope should reside in the manner in which variations in the circumstellar emission at dierent wavelength regions can be correlated. Emission line and continuum variations at optical wavelengths have been studied extensively (e.g. see Doazan 1982; Slettebak and Snow 1987; Baade 1991) , but variations at IR wavelengths have been less well studied. In a survey of 20 Be stars between 1 and 20m, Gehrz et al. (1974) found no evidence for variability on a time scale of a year. More recently, Dachs and Wamsteker (1982) found evidence for near-IR variations in 10 stars from a sample of 46 southern Be stars over a six year epoch. They also report a correlation between IR variations and variations in the equivalent width of the Balmer emission lines, supporting the hypothesis that IR and optical variations have a common origin attributed to emission from a circumstellar envelope of varying density. Ashok et al. (1984) also found evidence of IR variations in four stars from a survey of 35 Be stars.
The incidence of IR variability in each of the surveys mentioned above appears to be very low compared to the number of Be stars that show variations at optical wavelengths. This is somewhat surprising, considering the correlation of variations in H equivalent width and IR variations reported by Dachs and Wamsteker. A larger database of IR observations would allow a more thorough investigation of the incidence of IR variability in Be stars. However, there has been no recent survey of a large sample of Be stars over a wide range of epochs. Moreover, most past work has been out to only 2.2m. To address this issue, we have carried out a near-IR survey of 101 Be stars at several epochs over a two year period out to 3.6m. In this paper (Paper I) we present the observations from the survey. Multi-epoch observations are averaged and near-IR excesses calculated and the properties of the IR excess are discussed. The identication and analysis of Be stars with variable IR continuum emission will be described in a second paper (Paper II).
Observations

Program stars
The stars in the survey were selected from all Be stars in the Bright Star Catalogue (BSC) (Hoeit and Jaschek 1982) with a declination greater than 030 . Several of the Be stars in the list of Slettebak (1982) that are listed as B stars in the BSC were also included. The southern declination limit was imposed by the most southern observatory used in the survey, the University of Hawaii, Mauna Kea Observatory (MKO).
The photometry
The program stars were observed over several epochs between April 1988 and March 1991 at three observatories: the University of Calgary Rothney Astrophysical Observatory (RAO) 1.5m telescope, the National Optical Astronomy Observatory 1 , Kitt Peak 1.3 m telescope and the MKO 0.6 m telescope. At all sites an InSb detector, cooled by solid nitrogen, with a 15 00 030 00 aperture and standard broad-band JHKLM lters, was used. Observations were made using the standard procedure of chopping between a source+sky position and a sky position. The separation between the source and sky positions was 60 00 and the chopping frequency was 10 Hz.
A total of 101 program stars were observed at J, H, and K passbands out of 111 Be stars in the BSC with declination greater than 030 . At L and M we observed 72 and 30 stars respectively. This is a reasonably complete survey of bright Be stars considering that the BSC contains 165 Be stars. Due to bad weather and local sidereal time restrictions, 39 of the survey stars were observed at only one epoch. The remaining stars were observed during at least two observing sessions. In addition to the program stars, observations of between ve and ten standard stars were obtained per observing run. Atmospheric extinction corrections were calculated for each observing night from several observations of a standard star at several dierent altitudes. Secondary standards, ranging in spectral type from B1 to M2 were also observed for calculation of color corrections. The IR magnitudes of these standard stars were taken from Koorneef (1983a) and the data from each site were transformed into one homogenous data set.
The IR magnitudes of the survey stars are presented in Table 1. In the rst three columns the HR number, star name, and Julian date of the observations are listed. The JHKLM photometry is given in columns 4 to 8. The quoted errors of each observation include the uncertainty of the transformation to the standard system and the error due to variations in the sky transparency during each observing run. These errors are within the range of those quoted by Dachs and Wamsteker (1982) .
Near infrared excesses
The weighted averages of the multi-epoch observations were calculated to give an average magnitude at each passband over the period of the observations. These are quoted in Table 2 . Where more than one observation of a star was made, the number of observations in each average is included in brackets after each entry.
Before calculating the IR excesses, the magnitudes in Table  2 were dereddened to account for the eects of interstellar extinction. Values of E(B0V) were calculated from (B0V) colors 1 The National Optical Astronomy Observatories are operated by the Association of Universities for Research in Astronomy, Inc., under cooperative agreement with the National Science Foundation taken from the BSC and the intrinsic (B0V)3 colors for \nor-mal" main sequence B stars based on spectral type (Fitzgerald, 1970) . The near-IR extinction law from Koorneef (1983b) was adopted and the observed colors (V0m)obs were corrected to yield dereddened (V0m)o color values, where m is the observed magnitude at wavelength and V is the V band magnitude taken from the BSC. The color excess CE(V0m) was then calculated from CE(V 0 m) = (V 0 m)o 0 (V 0 m)3;
(1) where (V0m)3 is the intrinsic color of \normal" main sequence B stars, taken from Koorneef (1983b) .
The calculated values of color excess may be inuenced by several factors which we have not included in our calculations. Early-type Be stars are known to have at energy distributions in the Paschen continuum because of an excess emission due to ionized circumstellar material. In this case, (B0V) would be larger than expected, giving an overestimate of E(B0V). Schild (1978) estimates this eect to be as large as 0:15 m for B00B3 stars, but negligible for later types. Hence the IR interstellar reddening correction could be overestimated, which would result in the color excess as dened in Eqn. (1) being underestimated for these spectral types by up to 0:2 m at J band, and 0:3 m at L. Furthermore, we have not accounted for either the uncertainty in the spectral type classication or the intrinsic (B0V) colors of normal stars. The eect of misclassication of spectral type will be greatest for later spectral types where the intrinsic color changes by as much as 0.1 m between B8 and B9. The size of these eects is signicant compared to the errors on the colors and should be kept in mind during the following discussion.
The excess spectrum
The energy distribution of Be stars consists of a contribution from the photosphere of the underlying B-star and a contribution from the circumstellar material that gives rise to an excess of emission. If we denote the dereddened observed ux and the photospheric ux at wavelength as f o and f 3 respectively, then the excess ux, f e , due to circumstellar material is is the so-called monochromatic ux ratio (Lamers and Waters 1984) . If the spectra of the photospheric and circumstellar emission can be represented by a power law of the form f / 0 over some wavelength range 1 = 2 01 (2 > 1), where is the spectral index, then Eqn. (2) and Eqn. (3) lead to the expression (e 0 3)log(1=2) = log( Z 2 0 1 Z 1 0 1 )
where e is the spectral index of the excess emission spectrum and 3 is the spectral index of the photospheric emission between wavelengths 1 and 2. We can calculate 3 from intrinsic colors since 3log(1=2) = 0:4(m 3 1 0 m 3 2 ) + constant; where the constant is determined from absolute ux calibrations at wavelengths 1 and 2. Z can be determined from the excess colors in the following manner. The color excess CE(V0m), dened in Eqn. (1), may be written in the form CE(V 0 m) = (V o 0 V 3 ) 0 (m o 0 m 3 ) (6) = 2:5log(Z=ZV) (7) Substituting Eqns. (7) and (5) 
where a = 0.4CE(V0m 2 ) and b = 0.4CE(V0m 1 ). If we know the value of ZV for each of the program stars we can calculate the spectral index of the excess spectrum from the excess colors. ZV can be established from model atmosphere ts to ultra-violet and visual photometry (e.g. see Waters 1986) . However, if we assume that V o = V 3 then ZV = 1. Using this assumption will overestimate the value of e if there is an excess at V. This eect is small relative to the uncertainty in the spectral index values. Clearly, in many stars, particularly late-type Be stars where the near-IR color excess is small or zero, it is unlikely that there is any excess in the Paschen continuum. For early-type Be stars it is known that there is an excess in the Paschen continuuum and the assumption no longer holds. Since Cas has the largest excess at J we shall examine this star as a test case. For Cas, Waters et al. (1991) estimate Z518nm = 1:363 based on model atmosphere ts to UV data from the S2/68 satellite (Maceau-Hercot et al. 1978) . Using the excess colors in Table 2 , we nd that e 0 3 is higher than the value obtained for ZV = 1, by 20% for J to K and The CE(V0m) colors dened in Eqn. (1) were calculated for each of the program stars. The excess colors are given in Table 3. We have denoted stars as having an IR excess if the CE(V0m) color diers from zero by more than 4. The number of stars that satisfy this criterion at each of the passbands is listed in Table 4 . There are few observations at M compared to the other bands. To avoid introducing a selection eect, arising from the fact that the limiting magnitude at M is such that we preferentially detect stars with excess, we have excluded our M band observations in the remaining discussion.
It is interesting to compare the number of stars with detectable excess emission in this survey with those detected by IRAS. Cot e and include only 48 of the 101 stars in this survey in their list of stars with reliable IRAS detections at 12m. All 48 stars exhibit a 4 color excess at 12m. The rate of detection of stars with color excess is less at 12m than at L or M bands. Near-IR observations provide a more ecient method for detecting excess in Be stars than the IRAS survey. This is due to the IRAS limiting magnitude of +5 at 12m.
In Fig. 1 the CE(V0m) color excesses of the survey stars at each IR wavelength are plotted against the intrinsic (B0V) colors. The error bars are the 1 uncertainties quoted in Table  2 . Previous near-IR surveys of Be stars indicate that only 20 0 25% of Be stars are variable in the near-IR at the level of a few tenths of a magnitude. It is reasonable to assume that any trends indicated by color-color diagrams are not aected by variations.
There are several features in the color-color diagrams of gure 1 that are immediately apparent:
1. The largest color excesses occur at smaller values of intrinsic color. 2. For a given spectral type the largest excess color occurs at longer wavelengths. 3. Two stars, Cas and Mon, have large color excess as compared to the majority of stars at the J, H, and K passbands. At L, the IR excess of 51 Oph is dramatically larger than any other late-type star, and is also much larger than its value at K band. This eect diminishes at longer wavelengths. Some of these eects can be easily understood. Figure 2a of CE(J0K) vs CE(K0L) shows that the majority of Be stars have a larger value of CE(K0L) than CE(J0K), indicating an increase in excess (i.e. Z) with wavelength. The increase of Z with wavelength continues at least to far-IR wavelengths (Fig. 2b) and in a few stars out to millimeter wavelengths (see Waters et al. 1991) . Far-IR data in Fig. 2b are from Waters et al. (1987) . In the case of excess increasing with wavelength, CE(m 1 0 m 2 ) > 0, which requires that a > b. This further implies that e < 3 (see Eqn. (8)). At near-IR wavelengths, the photospheres of hot stars behave as 3 ' 2 and therefore for excess increasing with wavelength e < 2. This is the case for optically-thin or partially optically-thin bremsstrahlung. We note that it is not possible to discriminate between free-free emission and emission from very hot dust (T 3000K) using near-IR colours alone (Allen 1973) . However, observations in the far-IR of Be stars show that the circumstellar emission is due to free-free and bound-free processes in virtually all cases. 51 Oph is the only star in the survey that is thought to have IR emission arising from hot dust (see section 7).
The largest excesses occur in earlier spectral types. It has already been mentioned that some early type Be stars have an excess of emission in the Paschen continuum. Since excess increases with wavelength, large excess at near-IR wavelengths is expected for some stars, as seen in Cas and Mon.
A negative (V0m) color excess can be produced if ZV > Z. This requires that ZV > 1 (Recall that we assumed that ZV = 1 in our calculations). A negative color excess can also be explained by variability. The V magnitudes used in the calculation of color excess are from the BSC and were not obtained simultaneously with the IR observations. If V, or f e , decreased in the period between the V observations quoted in the BSC (Nicolet 1978) and the epoch of the IR observations then it is possible to get negative color excess. The stars 88 Her, 66 Oph and Aqr have extensive histories of optical variations (see Barylak and Doazon 1985; Slettebak 1982; Dachs et al., 1986) . The question of IR variability will be addressed in Paper II.
Correlation of excess with stellar parameters
Of interest is whether there is any correlation between excess colors and stellar parameters such as spectral type and the projected rotational velocity vsini. As mentioned in the previous section, the largest color excess occurs for stars with smaller values of intrinsic color. This implies that stars of earlier spectral type have larger excess. In Fig. 3 the (V0L) color excess is plotted against spectral type, with luminosity class indicated by dierent symbols. For a particular spectral type there is a large scatter in the color excess, with no apparent dependence on luminosity class, implying that the color excess is not linked to stellar luminosity. However, there is a well-dened upper envelope to the color excess (excluding 51 Oph) that increases from late to early spectral types. Be stars of a given spectral type do not have an arbitarily large excess. Most of the late type stars in the survey show little or no near-IR excess color, even at L band (see Fig. 1 ). Cot e and reached the same conclusions from analysis of IRAS far-IR excess colors. Stellar rotation must play a role in the formation of a Be star from a B star since Be stars typically have large projected rotational velocities compared to normal B stars (Slettebak 1966) . Struve (1931) suggested that the formation of the circumstellar envelopes in Be stars is due to the ejection of material induced by rapid rotation. If this is the case then a correlation between excess and rotational velocity is expected. In Fig. 4 the excess at L band is shown as a function of vsini. Values of vsini were taken from Slettebak (1982) and the BSC. No correlation is apparent within the large scatter in the data. Gehrz et al. (1974) and Cot e and Waters (1987) also found no apparent correlation between vsini and near-IR and far-IR excess respectively. There is a small number of stars with large color excess that have a lower vsini than the majority of stars in the survey. This may be accounted for by the inuence of the angle between the line of sight and the rotation axis of the star. If the survey stars have a uniform distribution of inclination angles a small number of stars will have low values of vsini (Briot 1986 ). Clearly, a connection between rotational velocity and the near-IR excess of Be stars is not evident from our observations. However, in a study of the far-IR excess of both B and Be stars, Waters et al. (1987) conclude that rotation facilitates the presence of circumstellar material but other mechanism(s) determine whether or not a B star becomes a Be star. In Sect. 4 we discussed how the spectral index of the excess spectrum can be determined from excess colors. Using Eqn. (8) we have calculated the spectral indices for the J to K and K to L passbands ( [J0K] and [K0L] respectively) for stars that have color excess greater than 4. The uncertainties in the individual spectral index values are large. This is to be expected since at shorter wavelengths the excess is typically small and at longer wavelengths, where Z is larger, the uncertainty in the observations increases. While this prevents us from discussing the individual values in any detail (except for a few cases) the collective properties of the spectral index values can be examined. The distributions of spectral indices [J0K] ; [K0L] and [12025] for the survey sample are shown in Fig. 5 . The data for the far-IR wavelengths are again taken from Waters et al. (1987) . The distribution means are indicated by the vertical dashed lines. The spectral indices at the three wavelength regions are very similar. The peak of the [12025] appears to be [12025] = +0:62 ) are not signicantly dierent. This indicates that, on average, the power law spectral index of the excess emission remains unchanged from the near-IR to far-IR wavelength regions. For isothermal circumstellar material with an axis-symmetric geometry, constant spectral index implies a constant radial density distribution over the range of radii responsible for the origin of the near-IR and far-IR radiation.
The spectrum of free-free emission has spectral index from 00:1 for optically-thin emission to +2:0 for optically-thick emission. The data suggest that there are some Be stars that have excess spectra with near-IR spectral indices less than 00:1. Spectral indices lower than 00:1 in the spectra can arise from two possible mechanisms. If the emission arises from hot dust rather than from free-free processes then a large negative spectral index is possible if the near-IR is on the shortward side of the hot dust turnover. This is thought to be the case for 51 Oph as described in Sect. 7.
The other possibility is that the circumstellar material around a star is cooler than the photosphere. Then, absorption of photospheric emission occurs and a steep negative spectrum can occur. To see this, note that the total ux from a Be star is made up of two components: the ux from the circumstellar material f cs and the attenuated photospheric ux (assuming that some circumstellar material lies along the line of sight to the star). For isothermal circumstellar material of temperature Tcs and optical depth cs the excess ux due to free-free and bound-free emission from solid angle may be written as 
where 3 is the solid angle subtended by the stellar photosphere. If we approximate the photosphere as a black-body i.e. This term is either negative or zero since Tcs < T3. When cs >> 3 the rst term on the righthand side of Eqn. (9) dominates and f e f cs . The highest spectral index in this case is 00:1. However, if the the solid angle of the photosphere is a major fraction of the solid angle subtended by the circumstellar envelope i.e. cs 3, or the circumstellar envelope is very cool, then the contribution of the second term becomes more signicant and a steep turn down in the excess spectrum may occur. When cs 1, the magnitude of this term increases as wavelength decreases for a particular Tcs, since B(T3) / 02 , and the slope of the turndown would increase.
Individual Stars
There are several stars in the survey that exhibit dierent behavior compared to the bulk of the Be stars in the survey.
The color excess of 51 Oph increases dramatically between K and L band and is much larger than for the other late-type stars in the survey. Further, the far-IR colors of this star are very dierent from those of many Be stars . The values of spectral indices indicate a turnover in the excess emission spectrum from a steep positive spectral index in the near-IR to a shallow negative value in the far-IR. Waters et al. (1988) have shown that these observations indicate the presence of hot dust around the star.
The stars Cas and Mon are also noteworthy in that their color excess values are larger at the shorter wavelength near-IR bands relative to the other stars in the survey. It is known that Cas has an excess in the Paschen continuum, and a large excess at near-IR wavelengths is expected. The star Mon is actually a triple system where the widest separation of the three components is less than the smallest detector aperture used in the survey observations. The observed emission is therefore from the whole system rather than an individual star. Thus, we have to be careful in interpreting the observations of Mon. It should be noted that both Cas and one of the components of Mon, Mon A, have been detected at radio wavelengths (Taylor et al. 1990 ). The connection between near-IR excess and radio emission is not clear since several other radio emitting Be stars ( Per, CMi, Tau and EW Lac) have a color excess similar to the bulk of the survey stars. Variability further confuses the issue since Mon A, EW Lac, and possibly Cas, have variable radio emission .
Summary
In this paper we have reported the the observations of 101 bright Be stars between 1m and 5m. The percentage of stars with detectable color excess was found to increase with wavelength. Color-color diagrams have been used to examine the nature of the (V0m) excess. It was found that the color excess increases with wavelength, which is expected for excess emission arising from free-free and bound-free processes. The largest color excess was found to occur for earlier spectral type Be stars. There is no apparent dependence of excess on stellar luminosity. However, there is an upper limit to the color excess for a particular spectral type that increases from late to early types. The existence of an upper limit implies that Be stars of given spectral type do not have arbitarily large color excess. The excess colors also show no obvious strong correlation with projected rotational velocity.
The values of spectral index for J to K and K to L bands were compared to the far-IR IRAS spectral indices. The resulting distributions indicate that, on average, the spectral index is constant throughout the near-IR and far-IR wavelength regime. This implies that the radial density gradient is constant in the circumstellar material that gives rise to the IR radiation.
